Introduction
Doppler radars are indispensable nowadays in the assurance of aviation safety. In particular, many airports in the world are equipped with Terminal Doppler Weather Radar (TDWR) in the alerting of low-level windshear and turbulence. The microburst alerts from certain TDWR are taken as "sky truth" and the aircraft may not fly when microburst alerts are in force.
This chapter summarizes some recent developments on the aviation applications of TDWR in Hong Kong (Figure 1 ). It first starts with a case study of a typical event of microburst alert associated with severe thunderstorms. The applications of TDWR in the alerting of windshear and turbulence are then described, namely, in the calculation of windshear hazard factor using the radial velocity data from the radar, and the calculation of eddy dissipation rate based on the spectrum width data of the radar. It is hoped that this chapter could serve as an introduction to the aviation applications of TDWR, for the reference of the weather services of other airports.
A typical microburst event leading to missed approaches of aircraft
The missed approaches at the Hong Kong International Airport (HKIA) took place during the overnight period of 8 to 9 September 2010 when intense thunderstorm activity brought heavy rain and frequent lightning to the whole Hong Kong. During the period, an intense rain band with north-south orientation swept from east to west across Hong Kong. More than 50 millimeters of rainfall in an hour were generally recorded over the territory and a record-breaking number of 13,102 cloud-to-ground lightning strokes were registered during the hour just after midnight. When the thunderstorms edged close to the HKIA which is situated at the western part of the territory, gusty strong easterlies from the downdraft of the thunderstorm first affected the flight paths east of the airport resulting in an abrupt change in the prevailing winds from southwesterlies to easterlies.
Two flights, which tried to land as the thunderstorms approached HKIA, aborted landing and diverted to Macao eventually. Both flights approached the HKIA from the east under the prevailing southwesterly winds (Figure 2 ). The first aircraft went around twice. The first aborted landing was due to technical consideration. In the second approach at around 00:08 HKT (=UTC + 8 hours), it encountered strong tailwind. Landing was subsequently aborted and the aircraft diverted to Macao thereafter. Four minutes later, the second aircraft followed the same glide path of the first aircraft but also failed to land at the HKIA because of the same reason, i.e. the strong tailwind. The aircraft was also diverted to Macao at 00:12 HKT.
Flight data retrieved from the flight data recorders of the two aircraft was analyzed to reveal the meteorological conditions encountered by aircrafts. It appeared that the missed approach was attributable to the strong tailwind which exceeded the airline pre-defined threshold, namely 15 knots for tailwind landing.
According to the flight data, the first aircraft experienced more than 15 knots tailwind after it descended to below 1600 feet (Figure 3(a) ) in its second approach. The tailwind increased from 25 knots when the aircraft descended to 780 feet (labeled 'A' in Figure 3 (a)) and strengthened to 37 knots at 708 feet at 00:08 HKT (labeled 'B' in Figure 3 (a)), which far exceed the limit for tailwind landing. As a result, diversion to other airport was conducted.
The second aircraft also experienced the tailwind of around 15 knots when it descended to around 1600 feet. The tailwind increased and reached 19 knots when the aircraft descended to 1423 feet (labeled 'C' in Figure 3(b) ) but then decreased and fluctuated between 7 to 12 knots when the aircraft further descended to 1028 feet (labeled 'D' in Figure 3(b) ). At around 00:12 HKT, the tailwind started to strengthen again and exceeded 15 knots. The maximum tailwind experienced by the aircraft was 22 knots, which also exceeded the limit for tailwind landing, at 859 feet above the runway (labeled 'E' in Figure 3(b) ). Similar to the first aircraft, the second aircraft executed a missed approach due to the strong tailwind and was diverted to Macao.
The TDWR also captured the wind conditions when the two aircraft conducted missed approaches. Figures 4(a) and 4(b) showed the radial velocity measured by TDWR at 0008 HKT and 0012 HKT 9 September respectively. Gusts reaching 27 m/s (i.e. around 50 knots) were captured by the TDWR over the eastern part of the HKIA. The zero isotach, which marked the leading edge of the shear line, agreed well with that identified based on anemometer data.
The HKO Windshear and Turbulence Alerting System (WTWS) integrates windshear and turbulence alerts generated by different algorithms such as Anemometer-based Windshear Alerting Rules-Enhanced (AWARE) (Lee, 2004) , LIDAR Windshear Alerting System (LIWAS) (Shun and Chan, 2008) , TDWR alerts and other algorithms. Alerts are then generated for 8 runway corridors (north runway and south runway have two arrival and two departure corridors each) and shown on a graphical display, the WTWS display.
At 0008 HKT, the zero isotach over the HKIA detected by the TDWR was analyzed as a gust front and was shown on the WTWS display ( Figure 5(a) ). In addition, microburst alerts, which represent windshear loss of 30 knots or more with precipitation, were provided by TDWR to the east of the HKIA; windshear alerts were generated from AWARE over the runways; turbulence alerts were in force due to the thunderstorm to the north of the HKIA. Over the 8 corridors of the HKIA, all had windshear alerts with magnitude ranging from +25 to +30 knots. At 0012 HKT, although the gust front was not detected by the TDWR Figure 5(b) ) any more, using the surface anemometers and TDWR base data, windshear alerts with magnitude ranging from +15 to +25 knots were issued for the four western corridors. Meanwhile, areas with the microburst alerts shifted westwards and affected the eastern corridors. WTWS issued microburst alerts of -35 knots to the four eastern corridors. During the event, the WTWS functioned properly and was able to provide adequate warning to the aircraft of the windshear to be expected due to the thundery weather. . WTWS display on 9 September 2010. Gust front analyzed by TDWR (purple line) over the HKIA; microburst alerts generated by TDWR (red solid band-aids); windshear alerts generated by AWARE (red hollow rectangles), by TDWR (red hollow irregular polygons); by LIDAR (red arrows, over the runways only); turbulence alert generated by TDWR (brown polygon with dots). Black numbers were the windshear magnitude in knots. (a) 0008 HKT on 9 September 2010. A gust front was over the HKIA. Windshear alerts were issued by the WTWS for all runway corridors. LIDAR data was highly attenuated by precipitation and could only detect windshear over the runway. (b) 0012 HKT on 9 September 2010. Microburst alerts of -35 knots were issued to the four eastern corridors. Windshear alerts with magnitude ranging from +15 to +25 knots were issued for the four western corridors.
Windshsear hazard factor based on TDWR
In aviation meteorology, windshear refers to a sustained change of wind speed and/or wind direction that causes the aircraft to deviate from the intended flight path. Low-level windshear (below 1600 feet) could be hazardous to the arriving/departing aircraft. Hong Kong is situated in a subtropical coastal area and it is common to have intense convective weather in the spring and summer. To alert low-level windshear associated with microburst and gust front, a TDWR is operated by the Hong Kong Observatory (HKO) in the vicinity of HKIA (Figure 1 ). It is a C-band radar with 0.5-degree half-power beam width scanning over the airport and determines convergence/divergence features along the runway orientation from the Doppler velocities. Windshear alerts are generated when the velocity change is 15 knots or more.
Another index that quantifies the windshear threat is the F-factor (Proctor et al., 2000) . It is based on the fundamentals of flight mechanics and the understanding of windshear phenomena. The F-factor could also be calculated from the Quick Access Recorder (QAR) data recorded on the commercial jets (Haverdings, 2000) . In this study, an attempt is made to calculate F-factor for some typical microburst events at HKIA based on the TDWR measurements and the results are compared with the F-factor determined from the QAR data.
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convergence/divergence features are identified from the TDWR data. Then F-factor is determined from each convergence/divergence feature by assuming a wind field model of microburst. The two steps are briefly described below.
To compute convergence/divergence features, the method described in Merritt (1987) is adopted. The TDWR microburst detection algorithm identifies microburst by searching for significant velocity difference along a radial in a search window of 4 range gates (4 x 150 metres per gate = 600 metres in length, and one degree in azimuth). If the windshear along a search window is divergent (i.e. radial wind generally increases with increasing distance from the radar), the search window is taken to be a divergence shear segment. Likewise, convergence shear segment is also identified.
Two divergence/convergence segments are associated as a divergence/convergence shear features if their minimum overlap in range is 0.5 km or if their maximum angular spacing is 2 degrees azimuth. A divergence/convergence region contains at least 4 shear segments with a minimum length of 0.95 km and a minimum area of 1 km 2 . Moreover, the maximum velocity difference among the shear segments inside a divergence region should be at least 5 m/s. As such, the shear within a divergence region is at least 5 m/s per 600 m, i.e. 0.008 m/s/m. F-factor is related to the total aircraft energy and its rate of change, and is defined to be: the atmosphere, and V a the airspeed of the aircraft. By estimating the updraft from mass continuity constraint, it is shown to be equivalent to:
where V g is the ground speed of the aircraft, and h the altitude above ground.
For each convergence/divergence feature captured by the TDWR, the velocity change ΔU and the distance over which this change occurs ΔR are calculated. It is shown in Hinton (1993) with reference to a microburst model that F-factor could be calculated from:
where K = 4.1925, α = 1.1212, h r the above-ground-level (AGL) altitude of the TDWR radar beam, L the characteristic shear length of 1000 m, and erf(y) the error function.
The microburst model in Hinton (1993) includes a shaping function which describes the change in microburst outflow with altitude. This function is given by:
where h is the altitude above ground and H the altitude of maximum outflow speed (assumed to be 90 m). The F-factor F 1 from the TDWR at the radar beam altitude h 1 is then related to the F-factor F 2 of the aircraft at the altitude h 2 by the following equation:
Combining (3) - (5) and with ΔU and ΔR determined, the F-factor associated with a divergence/convergence feature at the altitude of the aircraft along the glide path could be calculated.
For the formulation in (1), F-factor is positive if the windshear is performance decreasing (headwind decreasing or downdraft) and negative if the windshear is performance increasing (headwind increasing or updraft). As discussed in Proctor et al. (2000) , for onboard windshear systems, the windshear is considered to be hazardous if F is greater than 0.1, and a must alert threshold is set to be 0.13. The must alert threshold means a wind shear alert must be issued when that threshold is reached/exceeded.
A microburst event that affected HKIA on 18 May 2007 is considered here as an illustration of the method. In the evening of that day, a surface trough of low pressure lingered around the south China coast, bringing unsettled weather to the region. Between 09 and 10 UTC (5 and 6 p. Figure 6(a) shows the moment when a microburst associated with the thunderstorms affected the runway corridors to the east of HKIA. Divergent flow feature was found at 0.6-degree conical scan of TDWR. For an aircraft arriving at the north runway of HKIA (location in Figure 1 ) from the east, the windshear associated with the microburst is performance decreasing (due to decreasing headwind). Using the formulae above, the Ffactor for the microburst is determined to be about 0.14, which exceeds the must alert threshold and the windshear associated with the microburst is considered to be hazardous to the aircraft. Flight data are obtained for an aircraft arriving at the north runway from the east at that time. They are processed by the algorithm in Haverdings (2000) and the variation of F-factor along the glide path is shown in Figure 6 (b). At about the location of the microburst (near the eastern threshold of the north runway), the F-factor is found to be about 0.13, which is generally consistent with the value determined from TDWR data. Thus for microburst associated with the thunderstorm, the F-factor determined from TDWR measurements and that from QAR data of the aircraft are comparable with each other. The other peaks/troughs of F-factor from the QAR data ( Figure 6 (b)) are not revealed in the TDWR measurements. They may not be properly handled by the microburst model for Ffactor calculation. To study the change in the F-factor following the evolution of the microburst, the intense convective event on 8 June 2007 is considered. Severe gusts associated with thunderstorms and microburst with a recorded maximum of 35.9 m/s affected HKIA in the morning of that day. A helicopter parked on the apron toppled in strong winds during the passage of the intense storm cells. We just focus on the windshear hazard associated with the microburst. The divergence features determined from the radial velocity of the TDWR at 0.6-degree conical scans are shown in Figure 7 . Stronger winds associated with the microburst got closer to the ground level (about 260 m above mean sea level at the location of the microburst) in a short time interval within 3 minutes, with the maximum value of towardsthe-radar velocity increasing from 18 m/s (dark blue in Figure 7) to 23 m/s (magenta in Figure 7 ). As a result, the F-factor increases in magnitude from 0.14 to 0.23, which exceeds the must alert threshold. The TDWR-based F-factor provides a good indication about the level of hazard associated with an evolving microburst. The feature is highlighted in lighter colour and enclosed in a box. The number next to the box is the F-factor calculated for the feature. The background is the radial velocity from the TDWR, with the colour scale given in Figure 6 .
Besides intense convective weather, the windshear hazard in terrain-disrupted airflow is also studied. The Typhoon Prapiroon case on 3 August 2006 is considered. On that day, Prapiroon was located at about 200 km to the southwest of Hong Kong over the South China Sea and tracked northwest towards the western coast of southern China. This typhoon brought about gale-force east to southeasterly airflow to Hong Kong. Due to complex terrain to the south of the airport, airflow disturbances occurred inside and around HKIA. Divergent flow features were observed near the airport from time to time. Figure 8 (a) shows such a feature at 0.6-degree conical scan of the TDWR at about 4:47 a.m., 3 August. The F-factor associated with this feature is about 0.22, which exceeds the must alert threshold for windshear. An aircraft landed at the north runway of HKIA from the west at about that time (within one minute). The variation of the F-factor determined from QAR data along the glide path is given in Figure 8(b) . At the location of the microburst, the Ffactor from the aircraft is comparable with that calculated from the TDWR data, even for this case of terrain-disrupted airflow. As discussed in the first case study, the other peaks/troughs of F-factor from the QAR data (Figure 8(b) ) are not revealed in the TDWR measurements. They may not be properly handled by the microburst model for F-factor calculation. 
Calculation of turbulence intensity
The measurement of spectrum width is determined not only by the Doppler velocity distribution and density distribution of the scatterers within the resolution volume, but also radar observation parameters like beamwidth, pulse width, antenna rotation rate, etc. According to Doviak and Zrnic (2006) , there are five major spectral broadening mechanisms that contribute to the spectrum width measurements, which can be written as follow
where  s represents mean wind shear contribution,  t represents turbulence,   represents antenna motion,  d represents different terminal velocities of hydrometeors of different sizes, and  o represents variations of orientations and vibrations of hydrometeors. Except  s and t, the rest of the terms on the right hand side of the Eq.(6) are considered to be negligible for the measurements of  v in this paper (Brewster and Zrnic, 1986) . Thus the turbulence term  s can be obtained,
In the Eq.(7), mean wind shear width term  s can be decomposed into three terms due to mean radial velocity shear at three orthogonal directions in radar coordinate (Doviak and Zrnic, 2006 
where  r 2 = (0.35c/2) 2 ,   2 =  1 2 /16ln2, and   2 =  1 2 /16ln2. Here c/2 is range resolution, and  1 is the one-way angular resolution (i.e., beamwidth). k  , k  , and k r are the components of shear along the three orthogonal directions.
In order to use  t to estimate eddy dissipation rate (EDR) , it must be assumed that within radar resolution volume turbulence is isotropic and its outer scale is larger than the maximum dimension of the radar's resolution volume (which is indicated as V 6) . Under these assumptions, in the case of r r     the relation between turbulence spectrum width  t and EDR  can be approximately written as (Labitt, 1981) Eqs. (9) and (10) are used to estimate EDR using Hong Kong TDWR observed spectrum width.
In hazardous weather mode, the Hong Kong TDWR conducts sector scans from azimuth 182 o to 282 o (i.e., confined to the approach and departure paths). Each sector scan takes about 4 minutes. Thus, the low altitude wind shear can be detected within a minute. The range and angular resolutions of the radar are 150 m and 0.5 o respectively. The maximum range reaches 90 km. The radar data includes reflectivity, Doppler velocity, spectrum width, and signal-to-noise ratio (SNR) recorded with the azimuth interval of 1 o .
Based on the Eqs. (9) and (10), EDR can be estimated when spectrum width observation is available. In this feasibility study, EDR estimation is only performed at the lowest elevation angle of 0.6 o . The vertical wind shear contribution to the EDR is calculated by using spatially averaged mean Doppler velocity at two lowest elevation angles. Because the closest two elevation angles at lowest level are 0.6 o and 1.0 o at scans 11 and 12, vertical wind shear is calculated by using the Doppler velocity fields at these two scans. For simplicity, EDR is estimated at scan 17 with elevation angle of 0.6 o . Azimuthal and radial wind shear is also calculated at this scan. So in the current algorithm, one EDR field at elevation angle of 0.6 o will be generated for each volume scan.
The control of the TDWR spectrum width data quality is very important for EDR estimation. It has been found that there is a variety of sources of errors in spectrum width measurements in previous studies (Fang et al. 2004) . Especially if signal to noise ratio (SNR) is low, spectrum width measurements have large variance. In this study, SNR > 20 dB is assigned as a simple and straightforward threshold for the EDR estimates. In other words, EDR at the gate with SNR < 20 dB is marked as missing data (MD) in our algorithm. In the future, more comprehensive quality control processor will be designed and implemented in our algorithm to deal with other error sources.
Following international practice, EDR values are classified into four categories in terms of the intensity of turbulence. For convenience and in line with alerting purpose of low-level turbulence, EDRs in the following figures and context will be labeled or indicated as insignificant (LL), light (L), moderate (M), and severe (S) instead of its value. It is also worth mentioning that EDR values presented in this paper are derived from the spectrum width data after smoothing by using a 9 point median filter along the radar beams in order to suppress the fluctuations in the determination of spectrum width values. This kind of fluctuation is expected, for instance, to arise from the limited and finite number of data points in the digitization of the spectrum of the return signal.
The spectrum width errors are large in region of low SNR. Here we selected a case to demonstrate the importance of the SNR threshold in the quality control of EDR data. Around 21 UTC on 6 June 2008, the TDWR radar observed thunderstorms over HKIA. Without SNR threshold, estimated EDR suggested severe turbulence region (red color; Figure 9 (a)) in the region about azimuth of 270 o and centered at about 25 km. High spectrum widths (~4.5 m/s) are indeed measured in this region (see Figure 9 (c)). But reflectivity (Figure 9 (e)) and SNR ( Figure 9 (d)) are around -8 dBZ and 10 dB respectively. The relatively large spectrum widths in this region can be caused by incorrect noise power estimates (Fang et al., 2004) . To avoid such biases, we use a SNR threshold of 20 dB as recommended by Fang et al., (2004) . On the other hand, there are two small regions near the radar at the range of 6 km where EDR is also high. But in this region there is relatively strong horizontal shear of the radial wind component (Figure 9(f) ; green color identifies the wind has a component toward the radar and red color indicates wind is away from the radar). Furthermore, the reflectivity is about 10 dBZ and SNR is around 35 dB. Because this region is on the downwind side of Lantau Island, the ambient flow (green in Figure 9 (f)) is blocked by the Island and back flow (red in Figure 9 (f)) is induced. The wind shear contributions, computed using Eq. (8), have been removed from the calculation EDR presented in Figure 9 (a). Thus the EDR should not be biased by strong shear of mean radial wind. Thunderstorm outflow may be another reason for the severe turbulence in this region. Because there is no strong horizontal shear of the Doppler velocity field in the region 270 o and 25 km, we conclude that the large EDRs presented in in that region of Figure 9 (a) are unrealistic. After a threshold SNR> 20 dB is applied, it can be seen that these large EDR values are removed (Figure 9(b) ).
Using the Hong Kong TDWR observations in 2006 and 2008, many EDR maps were produced and examined. Here wind shear contribution has been removed from spectrum width measurements. Here the mean wind shears in horizontal and vertical directions are calculated by using mean radial velocity field smoothed by a 9 points median filter along the radar beam in the Eq.(8). Figure 10 shows two typical EDR maps during light rain at 21:32 UTC on 27 April 2006 (Figure 10(a) ) and during a thunderstorm at 13:17 UTC on 13 June 2008 (Figure 10(b) ). For most of the scanned area, EDR is low and turbulence is classified as insignificant or light (green and light blue). Small pockets of moderate and severe turbulence (yellow and red) are scattered in the scanned area. Near the Lantau Island, moderate and severe levels of turbulence are frequently observed in the cases we studied. The blockage of the Island on the ambient flow may be a reason for the occurrence of the turbulent airflow. Based on the numerical simulations, Clark et al. (1997) and Chan (2009) found that mechanical effect of a mountainous island is a source of the generation of the turbulence.
Clear air cases have been investigated as well, but we found that SNR of the Hong Kong TDWR is too low to provide reliable and meaningful EDR maps.
After the EDR maps were generated, EDR profiles along the flight paths can be compared with aircraft measured EDR. A total of 14 cases are selected to make the comparison. The aircraft EDRs are estimated based on the vertical wind measured by aircraft .
Radar derived EDR profile is constructed by selecting the EDR in a resolution volume V 6 closest to the flight path and at an elevation angle of 0.6 o . There are still differences in the measurement heights between the aircraft and the radar beam for these two EDR datasets. Only a part of the flight path is covered by the radar beam. For example, aircraft approaching runway 25RA is in the radar beam only at the distance between 0.5 and 1.5 nm from the end of runway. From this point of view, EDRs estimated by aircraft and the radar would be compared within this distance interval. It should also be mentioned that radar estimated EDR is based on the spectrum width of the Doppler velocity, i.e. velocity in the radial direction along a radar beam. On the other hand, the aircraft estimated EDR is based on the vertical wind. As such, the two EDR datasets are derived from different components of the wind. Put aside errors in measurement, in order to have agreement turbulence must be isotropic. Another issue of the comparison is the contribution of mean wind shear to the measured spectrum width. For the estimation of EDR, the contribution of wind shear has to be extracted from the radar measured spectrum width. But for the comparison with aircraft measured EDR or even turbulence alert for aviation safety, wind shear might not need to be removed. For example if the aircraft experiences a sharp change in altitude, this may not be caused by isotropic turbulence but it is a measure of aircraft response to vertical shear of mean wind. As such, the aircraft estimated EDR based on vertical velocity may be slightly higher. Pilots and passengers in aircraft may also experience severe "turbulence", which is a combination of the effects of both turbulence and wind shear.
Scatterplots of median and maximum EDR along the 5 nm of flight paths estimated by aircraft and radar are shown in Figure 11 . Two plots for each are shown; one in which mean wind shear contributions to the observed spectrum widths are removed and a second plot in are light. Based on maximum EDRs, two severe turbulent patches (EDR > 0.5 2/3 / ms ) are detected by both aircraft and radar with wind shear, but they are not on the same flight paths. With wind shear contribution, median and maximum radar EDRs evidently increase. Fig. 11 . Scatterplots of median and maximum EDR estimated by aircraft and radar along the 5 nm of flight paths for the selected 14 cases.
Comparing maximum intensity between aircraft and radar without wind shear, 8 of the 14 cases are in the same category. Seven of them are moderate turbulence. For 4 aircraft estimated light turbulence cases, the radar tends to overestimate them as moderate (3 cases) and severe (1 case) with wind shear contribution. After closer examination of the overestimation case at 07:17 UTC on 25 June 2008, it is found that the maximum severe turbulence only occurs at one radar gate at the distance of 0 nm, closest to the end of the runway. It is noted that at this location, the radar beam is higher than the flight path by about 160m.
We have also compared aircraft and radar estimated EDR profiles including wind shear contribution along the aircraft flight path. For this case, aircraft B777 flew through a storm with maximum reflectivity of 42 dBZ and landed in clouds and light rain at HKIA. Figure 12 shows the EDR estimated by aircraft and the radar along the flight path 25RA around 13:05 UTC on 19 April 2008. It is one of the two cases in which severe turbulence was encountered by the aircraft. Blue dots in Figure 13 represent the EDR estimated by the aircraft as it was landing at HKIA. Three peaks over 0.5 2/3 / ms , classified as severe turbulence, are recorded at distance of 0.77, 3.65, and 4.90 nm away from the runway end. EDR profiles estimated by using radar data at an elevation angle of 0.6 o with the wind shear contribution included in the volume scans around 13:05 UTC are overlaid onto the aircraft estimated EDR in Figure 13 . The radar estimated EDR profiles at 13:01, 13:05, and 13:09 UTC (brown dots, red squares, and green dots in Figure 13 ) matches well with aircraft EDR between distance of 0.5 and 1.5 nm, shaded in green color in Figure 13 , where the aircraft was in a region common to the 0.6 o radar beam. It means that radar and aircraft were measuring turbulence in approximately the same region at nearly the same time. The peaks of these 3 EDR profiles at 13:01, 13:05, and 13:09 UTC are in the green shaded interval and the maximum value is 0.48 2/3 / ms , just slightly smaller than 0.5 2/3 / ms . In order to find if there are higher EDR near the flight time (13:05 UTC), we examined the EDR for the two scans one minute before and after the passage of the aircraft at 13:05 UTC in the same volume scan at 13:05 UTC. The profiles are shown with light and dark purple dots in interval. This convinces us that the EDR peak is not caused by random error of radar measurements. It raises another question: the aircraft may contaminate the radar measurements of the atmospheric status, since the aircraft disturbs the atmosphere and changes the original atmospheric condition in the measurement region as it flies by. In addition, aircraft itself as a target embedded in other scatterers, such as raindrops, may contaminate the spectrum width measurements as well. Both of the two factors could affect spectrum width and EDR value.
It could also be seen that the radar EDR profiles do not match the two aircraft estimated EDR peaks at the distance of 3.65 and 4.90 nm. It might be caused by the spatial difference between the aircraft and the radar beams. The flight heights at the distance of 3.65 and 4.90 nm are higher than the radar beams by about 260 m and 400 m respectively.
Wind shear contribution to spectrum width measurement for this case has been examined. After removing wind shear contribution, the EDR peak at the distance of 0.69 nm is reduced from 0.48 to 0.46 2/3 / ms (not shown) at 13:05 UTC. It means that wind shear contribution is small in this region. Because wind shear of the large scale mean wind should be persistent over the 4 minute for entire volume scan, the EDR peaks without wind shear contribution at 13:04 and 13:06 UTC at the distance of 0.69 nm are reduced to 0.67 and 0.74 2/3 / ms respectively. It indicates severe turbulence that is matched with aircraft estimate at 13:05 UTC.
Note that the aircraft estimated EDR is considered as ground truth in the above analysis, but it also contains errors and requires significant QC effort, especially as airplane is climbing or descending (Gilbert et al., 2004) . 
Conclusion
This chapter discusses the aviation applications of TDWR. This radar issues microburst alerts which are crucial in the assurance of aviation safety. A typical case of microburst detection by TDWR in association with intense thunderstorms is described first in this chapter. Then the applications of TDWR in the alerting of windshear and turbulence are described. Windshear is alerted through the calculation of windshear hazard factor, which is a rather well established technology. On the other hand, the use of spectrum width data from the radar in the alerting of turbulence has a relatively shorter development history, and the technology is under exploration in Hong Kong.
Study is underway in Hong Kong to use X-band radar in the alerting of windshear and turbulence on experimental basis at the Hong Kong International Airport. The use of longrange S band radar in the alerting of turbulence for enroute aircraft is also under study. Such progress of these studies would be reported in the future.
